Although scanning electron microscopy (SEM) has been widely applied in medical research, limited studies have been done on the preparation techniques for this methodology.
Except for critical point drying method, most electron microscopists merely applied the same method of preparation as used for transmission electron microscopy (TEM). Histopathological studies on erythrocytes by SEM started very early by SALSSURY and CLARKE (1967) , before artifacts of poor preparation could be pointed out. BESSIS and WEED (1972) reported some artifacts and gave their recommendation for improvement of preparation technique.
But no extensive study on this problem has been done yet. This paper deals with the above mentioned problem by checking all steps of preparation methods which could be applied for SEM of red cells, pointing out induced artifacts and morphological changes and proving their significance statistically.
Nomenclature of red cell shapes used in this paper is adopted from the recent proposal by BESSIS (1972) .
Materials and Methods
Samples of capillary and venous blood were obtained from five healthy adults who were confirmed hematologically normal as shown in Table 1 . Fresh capillary blood was aspirated with a dry melangeur through a cut in the ear lobe with a sterile surgical blade. One to 3ml of venous blood was drawn in either a disposal Terumo venoject tube containing 2mg of dried ethylene-diamine-tetraacetic acid (EDTA), or ordinary disposable syringes containing either one; traces of 0.05% heparin, 0.3ml of drop of each sample was mixed with 20ml of physiological saline at their same temperature. Suspensions were centrifuged, supernatants decanted and sediments resuspended in new saline. This step was repeated twice, with gentle shaking by hand, mainly to remove serum proteins and wash cell surfaces. Then, following the preparation method recommended by FUJITA et al. (1971) with some modifications, washed erythrocytes were resuspended in 1% glutaraldehyde in 0.1M phosphate buffer, pH 7.3, for 1hr fixation at room temperature, washed with the same buffer in with 50, 65, 75, 85, 95, 99, 100% and three changes of absolute ethanol for 10min at each concentration, and with amyl acetate in two changes.
Erythrocytes soaked in amyl acetate and rested on either cover glass or aluminium foil were placed in the high pressure chamber of a JEOL critical point drier, and Specimens were observed with an Hitachi HS-2 scanning electron microscope, Hitachi SSM-2 scanning electron microscope and sometimes with JEOL JEM-100B with scanning attachments model EM-ASID. Accelerating voltage was between 10 to 25kV, working distance was 10mm and the specimen holder was tilted at an angle of +10. Kodak Tri-X PAN 120 films were used for micrography at a direct magnification from 1,500 to 60,000 times. Ten to twenty fields, each containing 20-50 red cells, were selected at random and examined.
More than 300 cells for each category were examined morphologically and, among them, 100 cells were measured for their diameter at the non-tilted axis directly from their negative films. Casio Al-1000 electronic calculator was used for statistical calculation.
Using the same technique described above, effects of direct fixation and osmolarity of fixatives at different percentages were studied by sampling as following:
1. Direct fixation. One drop of venous blood, obtained without EDTA, heparin, ACD or physiological saline, was mixed with 20ml of 1% glutaraldehyde in 0.1M phosphate buffer, pH 7.3, with gentle shaking for 1hr fixation and proceeded. Acetone was tried for dehydration also. Some samples of venous blood were dehydrated in 30, 50, 70, 90, 95, 100% and dried acetone for 10min in each concentration, with gentle centrifugation of 1,000rpm for 5min.
One drop of moderately concentrated suspension of cells in dried acetone, absolute ethanol or propylene oxide was placed on a large cover glass, aluminium foil or hard plastic plates and turned obliquely for quick air drying using an air drier from a distance cautiously without heating.
To confirm the standard shape and size of normal erythrocytes, one drop of fresh venous blood was placed between a slide and coverslip for immediate examination and photography under phase-contrast and dark-field microscopes.
Light microscopic and transmission electron microscopic (TEM) studies were also conducted on the dried erythrocytes for SEM. Scanned hard plastic plates with dried uidine blue for light microscopy.
The thinner sections, silver-gold in color, were stained with uranyl acetate and lead citrate and viewed with an Hitachi HU-12 electron microscope. Early and advanced echynocytosis caused by glass. 326 Sa'di F. AL-SAMARRAI:
Results

Sampling
Erythrocytes were best sampled from venous blood and without anticoagulants, such as heparin, EDTA or ACD (Fig. 1-5) . Venous blood washed with fresh phycompared with other samples (Table 2) . A high percentage echinocytes, particularly in the early stage (Echinocytosis I & II), were observed in capillary blood obtained with melangeur (96.6%) and those samples with ACD (93.4%), heparin (53.5%) or EDTA (23.3%).
Normal discocytes had a smooth peripheral surface but an irregular margin at it was difficult to measure the width of the peripheral part and the diameter of the central depression of each discocytes appropriately, they were calculated to be about
Direct fixation
Erythrocytes fixed in 1% glutaraldehyde without washing with physiological saline showed the formation of 35.6% knizocytosis, 8.2% multiconcavity and 4.7% of target cells (Fig. 6 and Table 4 ). But no change was found in the size of cells and showed marked multiconcavity (38.5%), knizocytosis (13.5%), target cells (7.7%) and 
Washing
Osmolarity of fixative Table 6 shows that a very hypotonic fixative (138-238 mosmol) caused spheromosmol) and slightly hypertonic (318 mosmol) fixatives preserved about 98.5% of cells as normal discocytes ( Fig. 11 and 12 , respectively). 1% glutaraldehyde in 0.1M phosphate buffer (367 mosmol) gave fairly good results also but with a shallow and widened central depression (Fig. 8) . Very hypertonic fixatives (2.5% and 5% glutaraldehyde or 537 and 775 mosmol respectively) induced elliptocytosis with echinocytosis and an increase in their diameter (Fig. 13) . No remarkable change in shape of cells was found in either isotonic or little hypertonic fixative with sucrose (Fig.  14) . But there was an increase in the diameter of cells and their central depression as the osmolarity of such fixatives increased (Table 8) .
Dehydration and drying Acetone gave fairly good results in dehydrating fixed cells for air drying. But ethanol and amyl acetate were found to be preferable for the critical point drying method. Erythrocytes dried on hard plastic plates could be well observed. No great differences between air drying and critical point drying was found in the case of examing discocytes and echinocytes. Scanning electron microscopy It was noticed that low accelerating voltage at 10kV gave more clear images of the cell surface than at 20kV. Too long exposure of the specimens to electron beam caused cellular surface damage particularly at deep and not enough coated central depression.
Transmission electron microscopy
Erythrocytes dried on hard plastic plates and sectioned for both light microscopy and TEM maintained their normal biconcavity when they were prepared properly (Fig. 15) . Thickness and extent of coating could be examined in ultrathin sections. It was found that coating does not reach deep parts of the central depression.
Furthermore, the coating was granular in appearance and not uniform in thickness.
Discussion
Sampling Discocyte-echinocyte transformation in capillary blood aspirated with a dry melangeur could be attributed to the glass effect noticed by many authors (FURCHGOTT and PONDER, 1940; PONDER, 1948; TROTTER, 1956; PONDER and PONDER, 1962; BESSIS and PRENANT, 1972; BRECHER and BESSIS, 1972; WEED and CHAILLY, 1972) . We found that echinocytosis could be eliminated by direct transfer of a drop of capillary blood on the edge of a sharp surgical blade to physiological saline. BESSIS (1972) classified echinocytosis into five stages: Echinocytosis I, II, III and Sphero-echinocytosis I, II. This echinocytosis was assumed to precede lysis (PONDER, 1948 (PONDER, , 1955 .
Echinocytogenic substances were found in the plasma containing heparin, citrate or EDTA (FEO, 1972) . Heparin has no erythrocyte preservation effect since it lacks dextrose and its anticoagulant effect is neutralized by thromboplastic and antiheparin materials liberated by the cellular elements of the blood (PERKINS et al., 1961) . It has been reported that ACD, due to its citrate content, decreases the level of ionized calcium and will lead to a cardiac standstill if ACD blood is pumped directly into the coronary arteries of a patient (WILLIAMS et al., 1972) . DYCKERHOFF et al., (1944) , who were the first to investigate the anticoagulant effect of EDTA, and many others (DILLARD et al., 1951; PROECHER, 1951; HADLEY and WEISS, 1955) found that EDTA salts preserve the cellular elements much better than other anticoagulants or oxalate. We found that EDTA caused less echinocytosis than heparin or ACD. Further extensive morphological study on the immediate effects of EDTA, heparin and ACD on erythrocytes is needed. But since our data indicated that excellent morphological preservation of cells could be obtained with the presence of physiological saline only, sampling of venous blood without anticoagulants or ACD is recommended.
Direct fixation
Other types of red blood cells than biconcave discocytes in normal blood were reported by some SEMists who fixed blood directly in glutaraldehyde and these were regarded as normal (TOKUNAGA et al., 1969; HATTORI, 1972 no time to recover their resting biconcave form before direct fixation. The marked distortion in the shape of erythrocytes noted after osmium fixation, might be related to some alterations in the cell membranes induced by osmium tetroxide solutions, such as enlargement of equivalent pore size and free passage of ions and small molecules (WOOD and LUFT, 1965) , or diminishment in the residual helical content of the red blood cell membrane (LENARD and SINGER, 1968) and finally destruction by osmotic activity (BONE and DENTON, 1971) .
Washing
This important first step in sample preparation has been neglected by many researchers. We would like to emphasize that erythrocytes should be washed in a good amount of fresh physiological saline before fixation in order to remove serum proteins, clean their surface and give them time to recover their natural form. Recently, authors (LICHTMAN and WEED, 1972; FEO, 1972) . This study confirmed that erythro-
Osmolarity of fixative
Pure glutaraldehyde is essential for optimal fixation (SABATINI et al., 1964) . Impurity increases spontaneously under ordinary conditions of storage (Aso and AITO, 1962; ANDERSON, 1967) . We confirmed that osmolarity of the fixative increased rapidly within a few hrs after dilution. Therefore, fresh and pure glutaraldehyde should be used; and pH and osmolarity should be measured immediately before fixation (MASER et al., 1967) . Phosphate buffer was used because it is non-toxic and its buffering capacity at pH 7.4 is strong. Though the ideal fixative should allow the cell to neither swell nor shrink during fixation, there has been no general agreement on the best tonicity of fixatives.
Many authors preferred very hypertonic fixatives (SABATINI et al., 1963; BURGOS et al., 1967; CARTEAUD et al., 1973) . Some authors recommended 1% glutaraldehyde in 0.1M phosphate buffer which is still hypertonic (TOKUNAGA et al., 1969; BESSIS and WEED, 1972) . But SALSBURY and CLARKE (1967) used 0.5% phosphate buffered glutaraldehyde which we confirmed to be isotonic and ARNOLD et al. (1971) as low as 0.1% krebs buffered glutaraldehyde.
Our conclusion in this study is that slightly hypertonic fixative (0.75% glutaraldehyde in 0.1M phosphate buffer, 7.3, or 320 mosmol) is the ideal to preserve the red cells without swelling or shrinkage.
They were identical in shape and size to erythrocytes of fresh venous blood examined under phase-contrast and dark-field microscopes. SABATINI et al. (1963) recommended the addition of sucrose to formaldehyde fixative for optimal preservation of the ultrastructure.
We found that 0.5% glutaraldehyde in 0.1M phosphate buffer with 3% sucrose or 367 mosmol, though hypertonic, preserved erythrocytes well. The increase of osmolarity by addition of sucrose to 640 mosmol caused shrinkage of the cells and widening of their central depression but without echinocytosis.
This result means that increasing tonicity of the fixatives or solutions with sucrose causes less damage to the cell membrane.
Dehydration and drying
Acetone dehydration and air drying was recommended for SEM in general (BARBER and BOYDE, 1968; FUJITA et al., 1968 FUJITA et al., , 1971 . But the critical point drying method, which was first developed by ANDERSON in 1951, removes the water from the specimen without damaging the surface tension, and hence can be expected to preserve the form of the cell. This technique has been applied successfully to SEM (BOYDE and WOOD, 1969) . In the present study, no remarkable difference in the erythrocyte morphology was found between air drying and critical point drying methods. This could be attributed to the fact that the erythrocyte has a more stable structure than the ordinary cells. In the future, however, more subtle structural changes due to air drying may possibly be detected under high resolution SEMs.
Transmission electron microscopy HATTORI (1972) speculated that erythrocytes might become uniconcave on a glass plate, and their hidden surface being flattened when they are dried for SEM. Our correlative study with SEM, light microscopy and TEM did not show such deformity and we found that red cells maintain their biconcavity after drying provided that they have been prepared and dehydrated properly.
Clinical scanning electron microscopy
As for clinical application of our method, it was used for morphological study of erythrocytes of paroxysmal nocturnal hemoglobinuria and was found satisfactory for the identification of the abnormal cells (AL-SAMARRAI, 1974) .
